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ABSTRACT

Continuation of the studies on the mechanisms of the
smooth muscle relaxation through the anodal current stimulation
has been performed. In order to conduct the experiment on the
mammalian smooth muscle, its normal action potential has been
studied. Ureter was selected as the material because the
intracellular action potential of this tissue has rarely been
studied.

Action potential of the ureter smooth muscle chow a slow
plateau phase, which indicates that a single cell is responsible
for the plateau formation. The effect of repetitive stimulation
on this muscle was studied and was found that the refractory
period of the ureter smooth muscle cell was very long compared
to other smooth muscles. The effect of the sodium deficiency
on the pattern of action potential have also been studied,
and the results indicated that the action potential of the
smoothmuscleof the ureter can be satisfactorily explained
from the basis of sodium hypothesis.

Continuation of the histological works have been made, on
the fine structure of the invertebrate muscle. The conduction
of excitation in the storiatopod heart is definitely different
from that of the mammalian smooth muscles, whore the muscle-
to-muscle conduction can be considered.



MECHANISMS OF SMOOTH MUSCLE RELAXATION THROUGH THE ANODAL

CURRENT STIMULATION

-A Survey on the Action Potential of the Ureter

Muscle.



TABLE OF CONTENTS

(1) Introductio:n , ........... I

(2) A.ualJsiw of the pobleo ....... .... 3

(3) Out.: c. the experimental proceduro .. 3

(4) .ctr- potential of the ureter muscle
... ,..novzal pattorn...ooos. 4

(5) t.,ion potential pattern durizig the
refractory period .... .......... ..

(6) nffnat of the torperature change on the
artion potential pattern ,o..s........ 6

(7) Acton potential pattnrn "ndiwi

eVicVc linger's solution. C....... 7

(8) wonor crrent and ureter muscle ....... 

(9 UKt=; >-tudi.o on fy: * GI;VzU1 of tho,
,&TO D '.ycad "ium.. ......... o.... 9

(I0) ri~usnusion .... ... 6..010

K1Cnalusz on ,0,,,..4..°...14

Acno ! edgemont .............. 00.4

References .......

Appendix ........ 21 illustrations



(1) INTRODUCTION

General review of the problem

Continuous hypertonicity of the smooth muscle has been a
hazardous symptom in the patients who complain of their chronic
gastrointestinal diseases. The mechanism of the relaxation in
smooth muscles have already been studied mainly from the point
of mechanical tension, and experiments oxi their membrane potential
are relatively few. In the preceding report, we have studied
the rela;:ation in invertebrate myocardiums through the anodal
current pulses, and have found that the anodal current pulse
caused an abolition of plateau phase of the action potential in
some muscles. While in other muscles such as in the long
tubular heart of stomatopod, the anodal current caused the abo-
lition of action potential and the associated inhibition in
the development of mechanical tension. The mechanisms of this
abolition of plateau is attributed to the anodal block. To
apply the anoda! current to the ureter smooth muscle, the un-
derstanding of the intracellular action potential pattern of
this muscle is most essential. The following report deals
with the action potential of the ureter smooth muscle with the
aid of ultramici'o-electrodes.

Review of the previous references

Qi Pattern: Bozler (4) injured one part of the ureter and
obtained a monophasic potential ranging from I to 15 MV and have
found that the potential consists of a fast deflection followed
by a prolonged negativity. Such prolonged negativity has also
been described by Sleater and Butcher (26) in in situ cannine
ureter, and rat ureter by Prouser et al (25). Greven (11,12)
applied a capillary glass electrode having a tip diameter of
about 10 microns on ureter and has obtained a similar pattern
of action potential from the smooth muscles. Bozler considered
that the complex caused by the action potential which is found
in guinea pig ureter refers to the individual fiber and is not
due to a synchronous activity of the fibers. GreveL, on the
other hand, considered that the ureter action potential is
uniform, and does not show signs of oscillations in its normal
condition. The oscillation of the potential in the ureter
action potential occurred when the muscle lost the stability of
the membrane (11, 12).

In the previous report, we have described a preliminary
experiment on the pattern of action potentials from the guinea
pig ureter and have found the oscillatory potentials which are
superimposed at the initial part of the plateau phase. Bennett,
Burnstock, Holman and Walker (2) also reported a brief report
apart from us, and found similar action potentials which wore
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obtained by Bozler (4). We also have cone to a siailar
conclusion that the oscillatory type action potentials are
generated from a single muscle cell.

Since the action potential of the ureter muscle has not
yet been fully studied with ultramicorelectrodes, it is hoped
to study in detail the basic physiolohy.

b) Refractor' Zoriod: Bozler obtained conduction velocity
of a few centineters per second and a long refractory period
(1.5 to 3 second) without summation of response. Prosser et al
obtained a reduced duration of action potential when the nileter
was stimulated repetitively. They could not record a reduced
amplitude at short intervals between the shocks. But, during
the relative refractory period, Ichikawa and Ikeda (18) found
a small action potential. Since all these studies were con-
ducted with surface electrode investigation on the intracellu..
lar potential recording technique appears to disclose a now
approach to this basic problem.

c) Ion effects on the smooth muscle action potentials:
It is known that in the ionic theory the presence of sodium
ion is a prorequisite in the production of action potential
in excitable tissues. Thus the progressive depletion of sodium
ion in the o:.traaollular fluid will produce a gradual decrement
of action -o>tntial height, without appreciable change in the
levol of th ereatfn. potential. This principle has been applied
to the giant axon(1.1, 14), frog skeletal muscle (.'A) and frog
myocardium (5). in the frog myocardium, the substiVition of
either choline o:- sucrose in place of sodium chloride resulted
in a progrossive decrease in heigh% duration and the rate of
rise of action potential.

Holman (16) found in smooth muscle that no change in spike
configuration was dotected when the concentration of sodium ion
was variod between 17 to 150 mm, irrespective of the different
substitutes employed. Furthermore, Burnstock and Straub (8)
stated thlat the taenia cloli can be excitable for as long seve-
ral minutes after the total extracellular sodium was removed.
NUlbring.. and Kuriyama (7) found the difference of electrophysi-
ologi .al responses in intestinal smooth muscle when various
chemical substances were employed as sodium substitutes. In
regard to the various chemical substances Prosser et al (25)
found the prolongation of action potentil when the tissue is
immersed in a solution where 50% XaCl is replaced by choline
chloride. Investigation on the tntraoellular potential recording
technique appears to be required in order to evaluate the appli-
cability of siodium hypothesis in the ureter smooth muscle.

j2



(2) ANALYSIS OF THE PROBLEM

The smooth muscles of the mawalian ureter have been studied
with surface electrodes as already mentioned in the introduction.
The method employed by Bozler (4) was an injury electrode, from
which a large number of active cells were responsible for the
action potentials. Prosser et al employed the silver-silver
chloride electrode for the recording of the ureter action potential4
In the following experiments, an intracellular recording technique
was used.

(3) OUTLINE OF THE EXPERIMENTAL PROCEDURE

Cat weighing approximately 2 to 2.5 Kg and the guinea pig
weighing about 500g were used throughout this experiment. In
both species, nembutal was injected intraperitoneally. The ureter
was isolated, and made clean by removing the fat and connective
tissue under a dissection microscope. The preparation0 was then
placed in warm Ringer-Kreb's solution controlled at 36 C electro-
nically by passing current through the thermojoule element.
Ringer's solution was continuously oxygenated. Composition of
the normal Ringer-Krebs solution was as follows: NaCl 0. 035',
C aCI 0.028g, MgCI 0.029 g, NaH 2PO O.016 5g, NaNCO .O6 8g in
100 il of water. Bextrose (0.14g/180ml) was added hortely fo'e
the experiment according to the description by Bosler (4). When
the amount of NaCl was reduced, sucrose, choline chloride or tris
chloride (Tris hydrooxymethyl aminomethane) was used to adjust
the tonicity of the solution. In the case where trio was used
as a substitute of NaCl, pH of the solution was adjusted with
HC1 instead of HaN PO and NaHCO . The remaining components of
the solution were dnckanged unles otherwise indicated. According
to Goodford and Hermansen (10) over 2V% of the muscle sodium
is exchanged within 5 minutes in Na solution. Therefore,the
muscle used in this experiment was immersed in the solution
examined for at least 5 minutes before the recordings were made.
Membrane potential was measured by ultramicroelectrodes filled with
3M KC1 and having a resistance ranging from 20 to 100 MA(23),
and the Woodbury and Brady's fluctuating suspending method was
used (29). A high input impedance, negative capacity amplifier
(Nihon Koden Ko0yo MZ-3A) and a cathode ray oscilloscope (Nihon-
koden Kogyo VC-6, AVH) were employed. Displayed phenomena were
photographed with a Grass type Kymograph camera, and at the same
time an ink writing recorder was used in order to monitor the
resting potential continuously. Stimulation electrodes consist
of two wick electrodes, one of which was pJcred on the ureter and
the other immersed in the bathing fluid. The distance between the
stimulting and the recotding electrodes was varied from 1 mm to
15 mm. The rectangular current pulses of varied duration and
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intensity were applied through electrodes.

(4) ACTION POTENTIAL OF THE URETER MUSCLE ---- NOPmL
PATTERN

a) Cat: The resting potential runrcd from 25 MV to 63 Mv
and the height of the action potential fron 17 MV to 69 I'V.
The mean values were 45 MV and 32 1 V, respectively. Among 193
penetrations, there were only 4 cases where the reversal potential
was found ran3'ng f.':om 2 to 9 MV (r<,an 5.6 MV). The values of both
the resting and the action potentials were widely distributed
and the overshoots of the potentials were rarely found. A typical
patte-n of action potentils were widely distributed and the over-
shoots of the potentials were rarely found. A typical pattern
of action potential is a spike potential followed by a slow
re-o)larization phase as shown in Fi'gure 1. There are i o oscilla-
tions on the plateau phase such a6 found in the normal action
potential patt-.. of guniea pig ureter (21). However, in most
inctanes there appears a huuip on the repola: -ization phC.so. The
ma'-a: riaing rate of action potential is about 0. 5- Q.6V/sec,
which is much slower than that of othe' smooth musclec 0.' n'.yo-
ca.rc.iu-. 1iwever, the rate of depo].ar'.atiou is always nors
ric th.NI the rcpolarization rate (a..out 0.! V'sec) ll.ke those
found in the myoardium, This fact d.ffoz's from that of the intes-
t... zal..,, muscle in which the rizing rate of action potential

SLC7 C' thani its falling rate.

b) Gu-.ra . The restin.- polt.vntial ranged from 37 to
54mV and the height of action potential from 26 to 54mV. The
mean values were 49 mV and 38mV respectively. The pattern of
action potential which was recorded from guinea pig differed from
that of cat in that they showed a longer plateau phase and
several superimoposed oscillatory potentials. The rising phase
of the action potential contains very slow potential changes.
Such slow potentials are considered to bo either -,'_ion poten-
tial or eloctrotonic spresd of the activty of the adjacent cells.
The individual spike comnponent of the superimposed action poten-
tial always differed in height, duration and in the rate of rise
of of potential. There were two types of spike potentials.
One type consisted of a gradual developement of small spike
potentials reaching its maximum height in the second or the third
spikes, followed by a gradual decrease in spike height. The
other type was made up of a large srike potential produced at
f :st, followed by a gradual decrease in sike height. In both
cases a plateau of about 1 second in duration was observed
(Figure 20

V 4



(5) ACTION POTENTIAL PATTERN DURInG TIM REFRACTORY PERIOL

a) Cat: The recovery processes of the action potential in
the ureter muscle of cat was examined. The action potential was
elicited with the first shock and the second shock was applied
at various time intervals, as is shown in the 5 tracings of
figure 3. No response was found when the second stimulus was
applied at the early repolarization phase (Fig. 3-1), while
very small deflection appeared when it was applied in the latter
part of the repolarization phase (Fig. 3-2). When the second
, timulation fell at still a later phase, an action potential of
a slower rising phase and of a decreased height was recorded (Fig.
3-3 and -4). In the fifth tracing of this figure (Fig. 3-5)
where the second stimulus was applied 1.5 seconds after the first
stimulus, it is shown that the action potential has almost
recovered to its original height, but the rising phase has not
yet recovered. Thus, the refractory period of the ureter muscle
was found to be more than 1.5 seconds, in this special instance.

As shorn in Fig. 4, with the repetitive stimulations, the
first action potential showed a steop rise in all czseo, but
after tho second, the rate of rise of potential decreased. When
the frequency of stimulation increased, there occurred a small
slow potontial changes. It wes obsered through the binocular
microscope that this small potential change was not accompanied
by any conducted contraction. In order to observe the changes
in the rising rate in datail, the successive action potentials
which were elicited in response to repetitive stimulations were
superimposed (Fir, 5). These illustraiton indicates that the
rate of rise of jotential became slower and slower when to
repeated stimultions were made. The slow r- :te of rise appears
to be one of the characteristics of the potentials which developed
during the refractory p.r±iodo. :I t is also suggested as in C
of this figure that the slow potontial. can summate to develop
conducted action potential.

When the potentials were recorded in the ureter at three
different places away from the stimuating electrode, the time
interval between the shock artefact and the beginning o. the
action potential differed from each other. It was 0.2 second
when the recording was made 3 mm away from the stimulatiog
electrode, 0.7 s at I om and !.4 second at 2 cm. thus, it can
be said that the time interval is a approximately proportional
to the *Iistanco between the sirtjn.-aunL und the recorda, eleetod@s3

b) GLuinea ftA: Tho action potentials of Uq.inea pig ureter
showed similar trends in response to thie repotitive stiuli, oxCept
that they showed a longer plateau phase and superimposed several

53



oscillatory potentials. Frigure 6A gives typloal esam ps Whoe
each tracing was taken from the continuous records. In tree/iM
1, the action potential developed 0.3 seconds after the stimulus
artefact and 8 distinct oscillations were superimposed on the
plateau phase. The second stimulus was given 3*6 second after
the stimulus artefact and 8 distinct oscillations were super..
izhposed on the Pateau phase. The second stimulus was given
3.6 seconds after the completion of the repolarisation of the
f~irst action potential (tracing 2). The third stimulus was
applied 1,6 seconds later (tracing 3). It can be noticed that
as time decreased the number of oscillatory potentials gradually
decreased and the duration of action potentials shortened. In

Figure 6B the superimposed tracing of these three action potes.
tials is shown in inset. The changes in the rate of depolari.
zation, in the duration of action potential and the conduetion
velocity are graphioally illustrated in this figure, where the

inset numerals are Indicated as the absolute values in each
measurement.

When the smooth muscle of the guninea Pig ureter was
asphyxiated, the plteau phase disappeared and the spike potential
which is similar to the action potential of the taenia coll
could be recorded. This potential differs from the normal
ureter action potential of guinea pig in a faster rate of spon-
taneous firing, a faster repolarisation phase and an absence
of plateau phase. When the stimulus was applied shortely after
the spentaneous silte potential, only a single spike appeared
(Fig. 7). It can also be seen that the spike potential is fol-
lowod by a slow after potential. If the stimulation was applied
at a slightly later phase, triple spike potentials appeared.
Likewise, when the stimulus was applied later in the recovery
phase, one could record an increased number of spike potentials,
Thus, it was found that even under these conditions the ureter
muscle vhowed repetitive responses to a single external stimu-
lation.

(6) EFFECT OF THE TIRME",TURE CHANGE ON THE ACTION POTENTIAL
PATTEN

a) Cats The temperature of the bathing fluid also influ-
ences the rising rate of the action potential. Ft re 8 Mlust-
rates the effects of temperature on the rist" rate d the
duration of acrion potentials in ureter muole of eat. It
can be seen that the lower the temperature, the slower the rate
o rise. of potentla. The fact that the duration of action
potential is directly related to the temperature e.? I:,'
fluid is illustrated in this figure. The conduction velocity
also decreased in the lower temperature.

6



b) GuineaZi: Similar experiments have been performed
in the ureter muscles of guinea pig (Fig. 9). The action poten.
tials of the ureter muscle in three different bathing tempe-
ratures are illustrated. In 35 0C the rise time was short, and
the interval of two successive spikes was about 50 m sec. In
300C, the rise time was longer than that in 350C, and the in-
terval between the two spikes was about 71 m sec.0 This inter-
val was further decreased to about 95 m sec in 27 C, The de-
crease in conduction velocity was invariably observed. Thus
the effects of temperature on both the cat and the guinea pig
ureter were approximately the same from the point of rate of
rise of potential and conduction velocity.

(7) ACTION POTENTIAL PATTERN IN SODIUM DEFICIENT
RINGER'S SOLUTION

K ?f : 2? -': 10 - 12 show the results obtained by the
effecc of mi: replacement with sucrose, choline chloride and
Tris chlode in cat ureter. Fig. 10 illustrates the results
where sucrose was used as a substitute of sodium chloride. As
can be seen in this figure, the rate of rise of action Potential
gradually reduced from I to 4 where the extracellular Na was
stepwise reduced from normal contour to 1/4 of a sodium solution.
The duration of action potential was prolonged in the lower
sodium concentration and also the distance of a conduction of
excitation became very limited, approximately a few mm from the
stimulatin7 electrode. Also the threshold of the
muscle to a o stimulation increased. When the ureter was immer-
sed in sodium lack fluid, neither contraction NOR action

otential could be observed.

Figure 11 illustrates a similar experiment with chloline
chloride. The results obtained by substituing (Na) with
choline resembled that of sucrose: the rate of risS of potential
was decreased, duration of action potential prolonged and the
Oonduction velocity decreased progressively as the extracellular
sodium concentration was reduced, A very different trend was
found when tris chloride was used as a substitute of NaCl (Fig.
12). The duration of action potential shortened, instead of
being prolonged. The rising rate knd the conduction velocity
showed a reduction which is consistent with the results of
sucrose and choline substitution. In the sodium free solution in
which all sodium chloride was replaced by trio chloride, the con,-
duction velocity became still slower and only a small potential
change was recorded as shown in Fig. 12 - 5. Even when the re-
cording electrode was placed closer to the stimualating electro.
de, no action potential could be obtained except for a small
slow response (Fig 12-6). The response disappeared. About
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10 minutes later.

!Regards to the resting potential, there were no significant
diffcucce3 nto tisticoly eamog the values iX normal trnd in vari-
ouc, kinds oi nodium substitutes.

in -igure 13, 14 and 15, the heig;ht of actic , potential,
the rising rate asd the duration of action pote -iln *:t.ree
kiJs of ,athinj. fluid were plotted against thc cr)mcentrbio1
of ex-:vac jlular sodium chloride. Each plot ie the avcrago
value of the artin potential height, rising rate arid the lurntion
taken from 15 to 30 records. It cnn be seen that th,;re are ulight
but definitely recognizable decrease in the height of action
potential, when the soa::e is reducod. The rate of rise of action
potetial appears to bc dirccily proportional to the extracel-
lular sodium concentrati1on. Regards to the duration of action
potential a significant difference as observed between the Tria
chloride substitution an: the other two su:stitutes. In other
wcL:ds, both in sucrose ,.-od in choline the duration -f action
v-.e, .4o, proloagEA1 while in Trir chloride, the reverse effect
res,-lted. This indc2.ates ti:at the effect of sodium deficiency
on the duration of action potent:'1-' is caused by the sodium
substitutes rather than the reduction of sodium.

Effec o2odim rcduction on t.,, action
f g '.ne', i.: were r:.sr'. stui ed, Figure 1.6

.. c ! ,ai;tr. ao.:..n potential Ain te ,usc., is
soased i-i the r,.uced i;,A noa.,:tion and replaced by oucro.o The
pattern of ,.ction potc.ntia chancd into an ir-fp;:ular form soon
after 50 % of sodimn in 1i?*ny-:" " was replaced by sucrose, Thn
decrease in frequency of spik.Ces, in rate of rise of potential,
in conduction velocity were invariable observed. Similar trends
were observed when the choline was used instead of sucrose. A
remarkable decz ease in the frequency of spike formation was

definitely obscrved (Fig. 17). The same was found when Tris

chloride was used. The reduction in the rate of rise of poten-
tials and humps, which were noticed prior to the formation of
spike potential, were observed (Fig. 18).

(8) ANODAL CUR1bENT AND URETER MUSCLE"

As stated above, in stomatopod, the anodal current caused

an anodal block. In oyster myocardium, an abolition of pla-

tr! u hase has been obtained, and the abolition of action
is found to be correlated with the relaxation of musole

tension, i ureter muscle, we have not been able to elicits
the relnration by applyin!7r, anodal current. In onc" experiment,
the cat ,0dal current of a varied intensity and a constant du-
ration were applied on the ureter which had ceased spontaneous
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firings. The onset of the current was gradually decreased and
the number of spikes elicited increased. The increased spikes
soon accomodated as can be seen in the fifth and the last re-
cordings of Fig.19-1. The application of the anodal current is
illustrated in Fig. 19-2.. Wher. the current is increased gra.
dually, the spike potential is elicited slightly earlier than
the previous one. Still greater increase in the current strength
results in an earlier initiation of the spike potential and
furthermore the spontaneous response is obtained. This beha-
viour on the anodal current to this muscle can not be observed
when the action potential of the ureter showed a plateau. On
the contrary, this was observed *..:.n the action potential
chnnged its pattern into a spike type. Sleator and Butch,:l
(26) applied galvanic polarization, and have found when th .
anod: is pls.cod intraureteral, the conduction olocity of the
ureter is reduced. They, however, did not observe the relaxa-
tion. BUlbring (6) observed the relaxation in taenia cloli
when she applied the anodal current polarization. Our failure
on reproducing Dr. BEIbrings' results appears to have been due
to the difference in the method of applying the current.

(9) FU1THER STUDIES ON THE FINE STRUCTURE OF THE STOMATOPOD
MYOCARDIUM

In the previous report (19, 22), we have already stated
the fine structure of the stomatopod. During the past year,
our work was concentrated on the myofibril structures and the
sarcoplasmic reticulums, We have observed further fine struc-
tures and the sarcoplarnic reticulums. The fine structure of
stomatopod heart muscle provides evidence of the existence
of two distinct components of sarcoplasmic reticulum. A sar-
colemmal invagination was extended deep into the muscle cells,
and was transversed at the level of Z-lines of the myofibrils.
The other endoplasmic reticulum system can be seen arround the
myofibrils. The structure of the latter tubular system, in
other words, the sarcoplasmic reticulum exhibited a similar
structure as that found by Bennett and Porter (1). Figure
20 illustrates the deep invagination of the sarcolemmal membrane,
and Figure 21 illustrates one of the typical transverse sections
of the mantis shrimp heart. It can be seen that the double
filament array (thick filament in centrer and thin filaments
around the orbit) are also noted in this muscle (17), Although
the muscle protein of this species is not aotomyosin system,
the pattern of arrangements in myofilaments are very much like
that of the vertebrate myofibril. It also can be seen that the"'
is a rich supply of endoplasmic reticulum outside the group of
myofibrils. Although we could not confirm the triad structure
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a large tube was found, having a basemeat Meabiane which indioa&t
that the tube is directly connected to the outside of the *ell
Such infolding of the plasma membrane into the coll is already
found the myocnrdium of in human, dog and rabbit. Thick ear-
coplasmic granules were observed outside the myofibril and since
they were PAS positive granules, they are considerod to be gly-
cogen granules.The mitoohondrias are present around the muscle
fibers. When the longitudinal section of the myocardium is ob-
served, a regular Z-line structure can be seen. No intercalated
discus such as seen in vertebrate myocardium was observed. Two
adjacent cells were separated considerable, and therefore the
muscle cell was not considered as a syncytium. In some of the
smooth muscles the distance between the two adjacent cells were
connected with a short bridge (3). In vertebrate myocardium, the
adjacent cells were tightly connected-with demnosome structure
and intercalated discuss, allowing the current to pass through
easily. In the myocardium of the stomatopod, the muscle cells
wore separated with wide extracellular spaces, but nevertheless
the long heart tube was contracting synchronously. This sug-
gests that the coordination of the contraction must depend on
the nervous control, and is in good correlation with the physi.
ological observations (20). It is also suggested from the physi-
ological study that the ultiterminal junction is present in
this herat. The electron micrograph of these two structures
arc now being studied.

DISCUSSIONl

In rat ureter, Bennett et al (12) found that the resting
potential is about 60 mV and that the action potential may over-
shoot about 10 - 15 mV However, in cat ureter, ,A .7v ,vcr 190
penotraticons, there appeared only four instances where the action
potential showed an overshoot, and the amplitudes of action potem.
tials were comparatively smaller than those in rat ureter reported
by 1%nnett et al, Some of the electrodes might have not been
penetrated into the cell, as was suggested by Gillespie (9),
or the electrodes may have injured the cells, Although the elec-
trodes employed are of a high resistance before and after the
penetration and the resting potential wam reasonably stable, Masy
of the data obtained from this experiment showed a low resting
potential and a small action potential. Thus, it was very diffi-
cult to draw a line between the intracellular and extracellular
reoordings, objectively. For this reason, the authors did not
discard the data which showed low resting and mall action poten-
tials in both the control and sodium lack solution.

Bozlor (4) recorded extra cellularly a monophasic action
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potential in ureter and described that the pattern of action pot*x.
tials are different from species to species. Graven (11, 12)
a'so recorded a monophasic action potential in guinea pig ureter
with an extracellular glass microelectrode. Action potentials
,.hich were recorded here with micrc'electrodes confirmed these
authors' results and have shown that delayed action potential is
generated from a single smooth muscle cell. This is also in
good agreement with Bennett et al (2), and it is suggested that
the ureter muscle behaves somewhat like a physiological syncytium.
All or none response to the electrical stimultion is known to
occur in ureter mnscle through the studies of Bozler (4) and
Prosser et al (25). From the intracellular recordings of the
prerent experiment, the action potential which showed a slow
conduction velocity, a slow rising phase and a short duration
was iUvariably obtained when the ureter smooth muscle was stimu-
lated repetitively. These responses to the repetitive stimu..
lations of the ureter muscle resembled that of the vertebrate
myocardium which was discussed by Dc'a ald Woodbury (5), The
slow-small potential which was not observed in the myocardium
by high frequency stimulations (2/see) was obtained in the ureter
muscle. This abortive response was also observed by Prosser et al
(25) through their extracellular recordings, and appears to be
one of the differences between the ureter and the myocardiums.

Another distinct feature of the ureter muscle as compared to
the myocardium is its long lasting refractory period. The myo-
cardium is known to recover from its inactivation processes as
soon as the membrahe repolarizes. However, in the ureter muscle
the aboolute refractory periods lasted one to three seconds after
the norbran- potential was completely repolarized. This prolonged

Cttc o 4i ::ivation proresses seems to drend on the durati6n'of
the proced.g ti.on pot,,..oial. When the duration of action

. ;tet, l is short, the ur,=ormuscle can reapnnd to the repeated
i L:t..tions as fast as or.ce in two seconds.

Zleator and Butcher (26) found in in situ dog ureter that,
during the post peristaltic interval the speed with which the
second wave travels is less than that of the first. Their
findings coincide with the present observation in which an intr-
acellular recording was employed. In their results there was
no measurable change in the rate of depolarisation or in peak
height. However, in the present study a remarkable reduction in
rate of rise of potential and a considerable reduction in the
peak height of the action potential were recognized. This may
be due to the difference in the method between this experiment
and the previous one.

The superimposability of the repolarization phase during the
repetitive stimulations was also observed in the urter muscles
as in the myocardium. In the myocardium, the repolarization was
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superimposable when the action potentials were shifted so that
the most rapidly falling phase would coincide. While, in the
ureter of the guinea pig the superimposability of the repol.,
rization phase could be seen when the stimulus artefacts were
superimposed. This indicates that the duration between stimlus
and the completion of the repolarization phase is approximately
the same regardless of the duration of the action potential.

Bennett et al (2) found a large spike potential when a very
high Ca'++ concentration was applied in guinea pig ureter,. The
spike potentials which were observed in the present experiment
appear to be different in nature, since the magnitude of the
spikes in this experiment is much smaller than that observed
by Bennett et al, These facts suggest that the action potenti4l
of the ureter muscle can change their pattern depending on the
external physiological conditions.

The height of the action potential in the myoqardium was
unchanged until the temperature decreased below 20 C(27). In
comparison to the myocardium, the action potential of the ureter
appears to be more sensitive to the change of temperature of the.
bathing fluid, in the ureter muscle, the peak height
of the action potential was reduced and both the conduction
velocity and the rate of depolarizarion remarkably decreased In
lower temperatures. The resting potential was lowered when the
temperatlire was reduced to 200 C. 6n guniea pig ureter, the
excitition fails to occur below 25 C, while in cat ureter the
muscle can respond in a still lower temperature, suggesting the
sensi.tivity of ureter tissue to temperature differs from species
to species. Prolongation of action potential also occurred in
myocardium when it is cooled, tha similar trends were observed
in ureter muscle. It may be reasonably stated that the results
obtained in the present experiment can be explained from the basis
of sodium theory rivised by WoodburyC28).

The applicability of the sodium theory to the smooth musole
of the ureter is also demonstrated in the above experiments, the
fact that the ureter muscle cell can develop action potential ia
a very low extracellular sodium concentration coincides with the
findings in the intestinal smooth muscle (8, 13). But in .this
experiment the rising rate and the height of the action potenti4l
of the ureter muscle progressively decreased when the extraeellalar
sodium was reduced. As far as the three kinds of sodium sub.
stitutes, sucrose, choline chloride and Tris chloride are con-
cerned, the risinG rate and the height of action potential were
of similar trends, that is, there are no recognizable differences
among sodium substitutes, suggesting that the extracollular f
sodium concentration affects primarily 1-pon those two factor&*
However, in regard to the duration of action potential both

12



S/

choline and sucrose showed an entirely different trend from
that of Tris chloride. In other words, the action potentials
of ureter muscle prolonged in choline or sucrose solution, but
showed a shortening in Tris choride solution. This in turn
suggests that the plateau phase of action potential is not mainly
affected by the extracellular sodium concentration but by the
sodium substitutes.

Hoffman and Cranefield (15) summarized the present knowledge
about the effects of the sodium substitition on mammalian myo.
cardium. It seems reasonable to conclude from their thble that
many of the preparations showed a shortening of action potential
rather than a prolongation in sodium deprived solution. In cat
ureter smooth muscle, only the result from Tris chloride solution
agrees with the previous results in myocardium.

The prolongation of plateau seen in choline chloride
solution confirmed the previous extracellular findings of Prosser
et al (25), and presented the concept that the prolongation is
not due to the enhancement of the synchronous activities of a
group of muscle cells, but due to the phenomenon of a single
muscle cell membrane. As atropin also prolongs the action po-
tential plateau in ureter (25), the prolongation appears not to
be duu to the nervous origin, but is likely due to the direct
action on muscle cells.

It was found in the present experiment that the ureter
smooth muscle can not develop action potentials in a sodium
lack solution , even though t cantains the same quantity of
other ions such as K +, Ca + and Mg as in normal Ringer-Krebs
solution. This indicates that sodium plays the most important
part in developing the action potential of the ureter smooth
muscle. In ureter muscle, the action ?tential ceases to deve-
lop shortly after the immersion in Ca free Ringer-Krebs
solution (unpublished data): This indicates that Ca ion also
plays an important role in the production of aciton potential.
Further studies on the effect of Ca ion on the ureter muscle
are under progress. It is our opinion that the basic ion con-
tributing to the normal action potential is sodium ion.

Bergman (3) studied the fine structure of the rat ureter
muscle. He observed that the diameter of the smooth muscle is
7 microns at its greatest width, and length about 300 microns#
The muscle having 75 to 100 X myofilaments is covered with 250
R double membrane. Intracellular spaces are filled with dense
bundles of collagen connective tissues and an extensive capil-
iry natwcrk. Each muscle cell has several intercellular
b~d~,tle hZ joirilng'it witk adja,-cent cells. The interreellular

stru.cture :.. 2 to 3 microns i length and 0.3 - 0.5 nicronc in
dL.umter. in our preliminary eiperiment in guinea pig ureter,

the cell bridges have not'bebn obberved, instead thi'two adja-

cent cells are conneoted"'With a very short distance between them.
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This fact suggests that the fine struoture of the muscle
arrangement Is different tim speoloe to species, Further
study on the observation in their muscles appears to be neces-
sary,

(11) ONCLUSION

Action potential of the smooth muscle of the ureter has been
studied with the ultramicroolectorodon. Intracellular action po-
tential of the ureter shows a plateau phase which is similar to
that found in the myopardium, the plateau phase can be shortened
through repetitive stimulations. The superimposability of the
action potential was observed, The action potential plateau can
be shortened in sodium deficient solution replaced by Tris chlo-
ride solution, The plateau phase of the ureter action potential
thus found to show similar characteristics to that of the verte-
brate myocardium, Anoda current pulse did not cause the aboli-
tion of action potential such as observed In the invertebrate
myocardiumeJy devicing the method of'orrent appILcation to this
muscle, we hope to elicit* the relaxation due to anodal polari-
zation.in.the future, The histological studies on the inverte-
brate muscle confirmed the two types of tubular syste:is, which
may be responsible to the exoitation and contraction coupling
in this muscle, Such structures have been found in rany verte-
brate muscles, but.tn the smooth muscles no such structure have
boon demonstrated. Therefore, the conduction of excitation
in smooth muscles appears to have a different system and awaits
further study,
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PIGURES 1 AND 2.* NORMAL PATTERNS OF ACTION POTEFTIAL IN 91
URETER MUSCLE OF CAT (FIG. 1) AND GUINEA PIG (FIG. 2).

Time interval 200 aaec, **oltago calibration 50 mV.
See text in detail.



FIGURE 3. ACTION POTENTIALS OF URETER SMOOTH MUSCLE OF CAT.
Stimulus artefaot shows the time when the rectangular
stimulus of about 50 msec duration was applied. The second
stimulus was applied at various time intervals after. the
the first stimulus. Voltage calibration 20 mv. Time:200 ec.

FIGURE 4 ACTION POTENTIALS OF URETER MUSCLE Or CAT WHICH
WERE ELICITED IN RESPONSE TO THE REPETITIVE STIMULATIONS WITH
VARIOUS FREQUENCIES.

Stimulus frequency in I is 0.5/sea; in 2,1/sec; in 3
2/sec. Voltage calibration 20 my. Time interval 200msec&

FIGURE 5 SUPERIMPOSED ACTION POTENTIALS VHICH WERE SUCCESSIVELY
ELICITED BY THE REPETITIVE STIMULATIONS IN CAT URETER MUSCLE.

Tracing 1.2.3 and 4 in each recording (A,B and C) show
the potentials produced by the first, second, third and
fourth stimuli respectively. In each recording the st-

imulus artefacts of all the tracings were superimposed
In A, stimulus frequency is 0.5/ eec; in B, 1/sec and
in c, 2/ sec.
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?IGUR& A, A.ACTION POTENTIALS OF URETER SMOOTH MUSCLE OF GUINEA
PIG "MICH WERE ELICITED IN RESPONSE TO THE REPETITIVE STIMULATIONS,

1.control 2# Action potential produced by the stimulus
which warn applied 3.6 sac after the completion of the rep-
olarization of the first action potential. 3.Action poten-

t14l hestimulus of 1.6 seconds after the second action
pot~laHorizontal bar on the upper right hand of each

tracin shows the level of the resting potential.
B.DIAGRAM SHOW.'ING CHANGES IN THE CONDUCTION VELOCITY,THE DURATIONJ AND THE RATE OF RISE OF ACTION POTEN3,TIAL WITH REF-

ENCE TO THE TIME WHEN STIMULUS WAS APPLIED.
Superimposed tracings of three action potentials of Fig 6
-A are chown in the top. The numerals indicated in the
graph show the measured values* Time zero in the abscissa
means the time when the rerolarization of the Previous po-
tential wais conripletod.

Ic 4'
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FIGURE 7. SPONTANEOUS SPIKE POTENTIALS AND THE VARIOUS PATTERNS
OF ACTION POTENTIALS PRODUCED BY THE STIMULUS IN URETER MUSCLE
OF GUINEA PIG,

Rectangular stimulations of about 500 msec duration were
applied at various time intervals after the completion of
repolarization of spontaneous spike potential, The time ir-

tervals in tracings 1-5 were 370, 480, 600, 1480 and 2160
msec, respectively. Voltage calibration 20 mY. The titne
marks indicated under each tracing show 2 seconds ia'terv..v o



?1G533 8 AND 9. VbFW" Of f3MBRAfTUR OF UYNAOILLUWA YLUID
on ?a AOTIC PoTUITIALs a? uipmUN swornI NffL 0? CAT (noG.

ND GUiS nIo (piG. P).
Voltage calibration 30 AT. Time Intervalm 200 aeo. Nori-
s03ta. bar on the right hand of each tr'acing In Fig. l9 showe
the level of the resting potential.



FIGRE 10 C'EAZG1E IN AC'iTION P0T £DM~jAY.P PATTXP.N-; DUE TO 213 unit03
MWN OF ZXTRdELLJLA? SODIUM: CHLVORZVE :f ST1CR~OE0

I Control in Rin,-,r ::~ct~uif
2 50 per cent s olutioni.
3 25 par cen-. 7--0-P oalutiox aftor 6 rainute..
4 25 ?ar cent INc, boutiou a~tor 40 m3.rute

o tiilus arte~act In cach tr',oing shows the time when
the rectangular atimuition of about 50 -sec. duiatUS
was applied. Tizie interval 200 inuec, voltage Calbration
50 mv.,

FIGUE 11 CAA1,G'-S IN ACTION POTONTI ~L PATT.L:"RN DUE TO TEN M3
PLACEMENT 0 GIVW Z4RC"EMMLAR SOMIUM BY CEOLINI 3!LCRID9.

I contivol 2. 50) per cent sodium solut: oz after 10
mlnutesi. 5. after 4o) minutes. 4+. 25 per o.,.nt sodius
soluation. i.fter 10 zmijutes. Stimnulus duratl.or 100 mccc.

Record-i*lvs were made approximately 1,0 cm -Zroa the-tmuaingeoto



FIGURE 12 SERIES CF RCORDS WHlRE ___tAOCEU.I ODIUK CONCEUT..
RATION WAS REDUCED STEWIS BY M T SU3TUTUTIC5 WITH TRIB CHLO-
RIDE.

1. Control 2. -50 per cent(la)o eolu~ion 3& 25 per cent
(Na*) solution 4. 12.5 per cent (fa ) solution 5 and 6
(Na).-free solution 7. 5 minutes aftel imnereing in nor-
mal aSlution 8. 20 minutes later. Stimulus of 100 msec
duration was applied 6 ma from the recording site in trac-
ing , 2 3, and 7: in 4and5 4 m : and lmsin 6 . In
treeing A spontaneoa action potential is recorded.
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FIGURE 16% CHANGES IN ACTION POTENTIAL PATTERN DUE TO THE REP-
LACEMENT OF EXTRACELLULAR SODIUM CHLORIDE BY SUCROSE.

1. Control in Ringer-Krebs solution.
2. 50 per cent (Na+) solution, after 5 minutes.
3. after 20 minutes.0  4. 40 minutes later.
Stimulus artefact in each tracing shows the time when the
rectangular stimulation of about 50 meeo duration was applied.
Time interval 200 msec. Voltage calibration 50 mV.



FIGURE 17. SERIESap RECORDS WHERE EXTRACELLULAR SODIUM cC .... 2-
RATION WAS REDUCED STEPWISE BY THE SUBSTITUTION WITH CHOLII?,
CILORIJ!. Control in Ringer-Krebs solution.

2, 50 per cent (Ila+) solution, after 5 minutes.
3. 20 minutes later.0 4. 25 per sent (Na) solution.
5 - 7. 12.5 per cent (Na+) solution. 8. ?Na ) -lack
solution. Time interval 208 msec, Voltage calibration 5 V.



FIGURE 18. CHANGES IN ACTION POT,27TIAL PATTERN DUE TO THE REP'-
lacement of extracellular sodium chloride by Trio chloride.

1. Control in Ringer I-Krebs solution.
2. 50 Per cent (Na) solution.
3. 25 Por cent (Na+)o solution, 10 minutes later.
4. 20 minutes later. 0Time interval 200 msec. Voltage cal.1z
bration 50 =nV.



FIGURE 19. 7,,FFECTS OF THE CURRENT INTENSITY ON THE ACTION POTEN-
TIAL OF THE "RETER OF GUINEA PIG.

1. Cathodal polarization. 2. Anodal polarization
An arrow indicates the onset of the current application.
Time interval. 2 sec. Voltage calibration 20 mVl,



FIGURE 20 ELECTRONMICROGAPHS OF A LONGITUDINAL SECOTION
OF THE SQUILLA MYOCARDIUM.

Mag X 7350 The scale represents ine micron*
Th4ck invaginations of sarcolemmal membrane transverses the
myofibril at the Z-line level. This indicates that the
extracellular apace is directly in contact with the centre of
myofilaments, within a very short distance*



FIGURE 21 HIGH MAGNIFICATION OF THE MYOFIBPILS OF STOMATOPOD

MYOCARDIUM,

Magnification X 35000

Double myofilament arrangements are illustrated, suggest-
ing the similar structure to that of the vertebrate striated
muscles. Thick dots arround the myofibrils are glycogen
granules. Vesicular structures arround the myofilrile are
the transverse section of the longitudinal endoplaumic reti-
culum. A part of mitchondria in illustrated at the bottom
of thid picture.
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